We study the decay of a standard model-like Higgs boson into a gravitino and a neutralino, which subsequently decays promptly into another gravitino and a photon. Such a decay can be important in scenarios where the supersymmetry breaking scale is of the order of a few TeV, and in the region of low transverse momenta of the photon, it may provide the dominant contribution to the final state with a photon and two gravitinos. We estimate the relevant standard model backgrounds and the prospects for discovering this Higgs decay through a photon and missing transverse energy signal at the LHC in terms of a simplified model. By promoting the standard MSSM soft terms to supersymmetric operators, involving a dynamical goldstino supermultiplet, the parameters of the simplified model are related to the MSSM parameters and the estimated discovery limits are used in order to constrain the parameter space. We show that it is possible to accommodate a SM-like CP-even neutral Higgs particle with a mass of 125 GeV, without requiring substantial radiative corrections, and with couplings sufficiently large for a signal discovery through the above mentioned Higgs decay channel with the upcoming data from the LHC.
Introduction
Supersymmetric extensions of the Standard Model (SM) have the potential to stabilize the ElectroWeak (EW) scale and dynamically explain why it is hierarchically smaller than the Planck scale. However, the lack of experimental signals for supersymmetry (SUSY), as well as a conclusive argument that selects a particular scale or mechanism for SUSY breaking, motivates a broadening of the class of models which is being investigated. In this paper we study the less conventional scenario where the SUSY breaking scale √ f is of the order of a few TeV. A model-independent consequence of the spontaneous breaking of (global) SUSY is the existence of a Goldstone fermion, the goldstino. In the presence of gravity, SUSY is a local symmetry, the spin 1/2 goldstino is eaten by the spin 3/2 gravitino, becoming its longitudinal component and the gravitino acquires a mass m 3/2 = f /( √ 3M P ), where M P = 2.4 · 10 18 GeV is the Planck mass. When √ f is of the order of a few TeV the gravitino is approximately massless (m 3/2 ≈ 10 −3 eV) and, due to the supersymmetric equivalence theorem [1, 2] , it can be replaced by its goldstino components. Moreover, gravitational effects can be neglected and SUSY can be treated as an approximate global symmetry.
We will consider the case where the goldstino G is the Lightest SUSY Particle (LSP), R-parity is preserved and the lightest neutralino χ 0 1 is the Next-to-LSP (NLSP), with a mass m χ smaller than the mass m h of the lightest CP-even neutral Higgs particle. This implies that the only relevant decay mode of the NLSP neutralino is into a goldstino and a photon (or a Z boson if kinematically allowed, i.e. if m χ > m Z ). Since √ f is very low, such decays will always be prompt on collider time scales.
1 For m χ < m h /2, the Higgs particle can decay into two neutralinos, each of which subsequently decays promptly into a photon and a goldstino, giving rise to a final state consisting of two photons and missing transverse energy (E / T ). This possibility, as well as the experimental bounds on light unstable neutralinos (and charginos) have been discussed in Refs. [11, 12] . We will restrict our analysis to the region where m h /2 < m χ < m h .
The process we study in this paper arises from the decay of a SM-like Higgs boson h into a gravitino and an NLSP neutralino, which subsequently decays promptly into another gravitino and a photon, gg → h → χ 0 1 G → γGG, giving rise to a final state consisting of a photon and E / T . Such a final state has been discussed in several papers [13] [14] [15] [16] [17] [18] [19] [20] , but the processes considered in those papers were qq/e + e − → γGG, involving the non-resonant exchange of a squark/selectron in the t-channel, and qq/e + e − → Z → χ 0 1 G → γGG, involving the exchange of a Z boson or a photon in the s-channel. In Refs. [21, 22] such processes were considered in an effective theory where all superpartners, except for the goldstino, had been integrated out in order to set a model-independent lower bound on √ f . The current experimental lower bound on √ f is around 300 GeV [23, 24] , but it is expected that the LHC will be able to probe √ f up to around 1.6 TeV [22] . The t-channel process→ γGG is relevant at the LHC in the region where the transverse momenta of the photon (p γ T ) is high, of the order of 100 GeV or higher. Since the p γ T distribution for the resonant Higgs process gg → h → χ 0 1 G → γGG we are interested in have a kinematic end-point at m h /2, we will only consider the region where p γ T < m h /2, in which the t-channel process turns out to be subleading. In the region where p γ T < m Z /2, also the resonant Z boson process→ Z → χ 0 1 G → γGG contributes. However, after the implementation of our kinematic cuts, chosen in order to optimize the signal significance, this contribution turns out to be negligible. The Higgs decay h → χ 0 1 G was studied in Ref. [25] (for √ f = 650 GeV, m h = 139 GeV), but the Branching Ratio (BR) for this decay was estimated to be too small in order to give rise to a significant signal. See also Ref. [26] for a discussion concerning the case when such a Higgs decay is invisible and Ref. [27] for when it takes place in scenarios where SUSY is broken at the TeV scale by strong dynamics.
The paper is organized as follows. In order to study the γ + E / T signal in a way which is as model-independent as possible, we begin in Section 2 by defining a simplified model that only contains the relevant particles, i.e. the SM particles, the goldstino and the NLSP neutralino as well as the relevant interactions. We estimate the SM backgrounds for the γ+E / T final state in the region p γ T < m h /2 and we present prospects for discovering this Higgs decay mode at the LHC with √ s = 8 TeV and the expected integrated luminosity for the upcoming LHC run 2 , i.e. 15 ÷ 20 fb −1 . In particular we present these prospects by estimating the sensitivity with the mentioned LHC parameters to the BR of h → χ 0 1 G as a function of the neutralino mass in the range m h /2 < m χ < m h . Inspired by the recent LHC hints concerning the mass of the Higgs particle [29, 30] , we will focus our analysis on the value m h = 125 GeV.
In Section 3 we relate the parameters of the simplified model to those of the Minimal SUSY SM (MSSM) by considering a small set of higher dimensional supersymmetric operators involving the goldstino supermultiplet. Since these operators give rise both the usual MSSM soft terms and the goldstino interactions relevant for our simplified model, the coefficients of these interactions are determined by ratios of soft parameters over the SUSY breaking scale f . Concerning the couplings relevant for the Higgs decay under consideration, it is only a small set of supersymmetric operators that is relevant. This is in contrast to, for instance, the scalar and neutralino mass spectrum, which can be significantly affected by the presence of additional higher dimensional supersymmetric operators, see Refs. [31] [32] [33] [34] [35] [36] [37] [38] for analysis, which are beyond the scope of this paper. We show that it is possible to raise the tree level masses for all the Higgs scalar particles, for any value of tan β, and also to generate all the goldstino interactions relevant for the simplified model considered in Section 2 with the addition of the few operators giving rise to the MSSM soft terms. Moreover we expect that the addition of the complete set of higher dimensional operators can even improve the situation. In this scenario it is possible to accomodate a SM-like CP-even neutral Higgs particle with a mass of 125 GeV and with couplings that are large enough for a signal discovery through the process gg → h → χ 0 1 G → γGG with the upcoming data from the LHC.
In Section 4 we conclude with a summary of our results and discuss some future directions. In Appendix A, the analytic formulae for the Higgs mass and the relevant couplings are provided.
A simplified model for monophoton + E / T SUSY signals at the LHC
In this section, we study the phenomenology of the photon + E / T final state, arising from a low scale SUSY breaking scenario, by consider the following effective 2 It was recently decided to raise the center of mass energy from 7 to 8 TeV for the 2012 LHC run [28] . The expected total integrated luminosity is 5 fb −1 at 7 TeV and around 15 fb −1 at 8 TeV. For simplicity we will study the case of 20 fb
where L SM is the usual SM Lagrangian and
2) is the New Physics (NP) Lagrangian in Weyl notation. In Eq. (2.2), F µν and Z µν are the photon and the Z boson field strengths, h is the Higgs boson, χ 0 1 is the NLSP neutralino and G is the goldstino. Also, the g's are dimensionless couplings,
, with σ i being the ordinary Pauli matrices. The two mass scales √ F and m can be interpreted as the SUSY breaking scale 3 and a scale related to the soft parameters, respectively. As can be seen from Eq. (2.2), the NP Lagrangian is only relevant when √ F is not too separated from m. Since m is also related to the masses of the Higgs particle and the neutralino, m h and m χ , respectively, we expect m to be of the order of the ElectroWeak (EW) scale. Thus, in order for the Lagrangian (2.2) to be phenomenologically relevant, √ F should be around the TeV scale. When kinematically allowed, the Lagrangian (2.2) gives rise to new decay modes of the Higgs and the Z bosons into a neutralino and a goldstino with the following partial widths,
Moreover, Eq. (2.2) provides the decay modes of the neutralino into a goldstino and a photon or, when kinematically allowed, a Z boson, with the corresponding partial widths,
. 3 We use the capital letter here in order to avoid confusion between the scale √ F used in the simplified model and the SUSY breaking scale √ f used in the rest of the paper. In order to have an idea of the order of magnitude of these partial widths we show in The former choice corresponds to the simple case of no mixing, where the lightest neutralino is purely Higgsino. The latter choice is motivated by the fact that m χ is the only mass scale relevant for the decay of the neutralino into a photon and a goldstino and that the coupling to F µν and to Z µν should be the same up to weak rotations.
Here and in the following analysis we will set m h = 125 GeV, inspired by the recent LHC results of Refs. [29, 30] . Moreover, we will only consider the case where
where Γ h tot is the total SM Higgs width and δΓ Z = 2.3 MeV is the present experimental uncertainty on the Z boson width [39] . The relations (2.7) imply that the BRs of the Higgs and the Z bosons into all the SM final states are not affected, within the experimental errors, by the new decay modes in Eqs. (2.3) and (2.4).
The relevant signal processes contributing to the final state with one isolated photon + E / T arising from the Lagrangian (2.2) are diagrammatically depicted in Fig. 2 . The contribution arising from the s-channel photon exchange is irrelevant with respect to the others and therefore, it will not be considered in the remainder of this section. The process involving an on-shell Z boson is relevant only for m χ < m Z , where it is kinematically allowed. Notice that the Z boson diagram in Fig. 2 gives rise to photons with lower transverse momenta (p γ T < m Z /2) than the one involving the Higgs boson, for which p γ T < m h /2. Also note that the decay of the neutralino is always prompt for our choice of the relevant parameters. This can be seen from the decay length of the neutralino (produced with energy E), given by
One process which does not arise from the simplified model in Eq. (2.2) but which in general contributes to the photon + E / T channel in low scale SUSY breaking models is the non-resonant process involving a squark t-channel exchange, diagrammatically depicted in Fig. 3 . This process, studied for example in Ref. [22] , is dominant with respect to the resonant processes in Fig. 2 in the region where p γ T > m h /2, i.e. above the kinematic end-points of the p γ T distributions of the processes in Fig. 2 . In contrast, in the region p γ T < m h /2, such a non-resonant process generically turns out to be sub-leading with respect to the processes in Fig. 2 . 5 In what follows, we will only consider the region p γ T < m h /2 and the processes in Fig. 2 .
Signal and background estimates
The expected number of events with one isolated photon + E / T in the region of interest does not favor the search for a bump in some kinematic distribution. In contrast, it suggests a counting experiment in which the total number of signal and background events are compared in a particular window of the phase space, chosen in order to optimize the signal significance. Since we are only considering the Higgs and Z boson s-channel diagrams in Fig. 2 , we can use the Narrow Width Approximation (NWA) to estimate the number of signal events, sign are the acceptances to the kinematic cuts, γ is the photon identification efficiency and L is the integrated luminosity. It is important to take into account that the NWA is not reliable close to the kinematic threshold of the decay. In our case we have verified that for m h = 125 GeV the NWA is reliable for neutralino masses m χ 110 GeV. In order to present unified results, for neutralino masses larger than this value we will use an effective BR (that we will nevertheless continue to call BR) defined in the following way,
Note that we will only use the NWA to set the limits on the BRs. All calculations performed to optimize the cuts and to compute the signal acceptances are done using the explicit 2 → 3 matrix elements. The Leading Order (LO) Higgs boson production cross section in the SM at the 7(8) TeV LHC for m h = 125 GeV is σ LO h = 7.44(9.39) pb 6 . It is known that higher order corrections are large and positive and for the same mass at Next-to-Next-to LO (NNLO) with Next-to-Next-to Leading Logarithm (NNLL) resummation we get σ the kinematics of the process, since they introduce additional jets which can give a non-negligible p T to the on-shell Higgs (for an updated discussion of p T distributions of Higgs production at higher orders see, e.g., Ref. [41] ). Due to the complexity of the analysis involved when taking into account the Higgs momentum and the additional jets arising due to the higher order corrections, we will continue to assume that the Higgs is produced at rest even though we use the NNLO production cross section 8 since we expect it to be a more correct estimate for the total rate 9 . For what concerns the Z production cross section we have σ LO Z = 23.2(27.1) nb for the 7(8) TeV LHC 10 . Also the Z production cross section is sensitive to radiative corrections (although less than for h) and at NNLO we get σ NNLO Z = 28.5(33.3) nb 11 . The search for a photon + E / T signal at low p γ T is difficult due to the fact that the SM background is large in this region and subject to large systematic uncertainties. The main backgrounds to this signal are given by the processes listed in Table 1 . The relative importance of these backgrounds depends on the region of p 70 GeV. This last background is subject to many experimental effects like the jet reconstruction efficiency and energy resolution in the forward region. Since we are not going to perform a detector level analysis and since our simulations are done at the parton level, we will simply assume that jets in the very forward region, with 8 In fact, we generate our signal at LO and use the k-factor k = 2.08 to get the NNLO. 9 In Ref. [41] it is shown that the typical Higgs p T is around 10 GeV and the largest contribution to the production cross section comes from the region p h T 40 GeV. This means that the main contribution to the radiative corrections come from soft jets which do not affect the selection of the final state we are interested in. 10 Computed with MadGraph5 using the CTEQ6M parton distribution functions. 11 The value of the cross section at 7 TeV corresponds to the NNLO Z production cross section computed with the MSTW08 parton distribution functions in Ref. [42] . The value at 8 TeV has been obtained by rescaling the value at 7 TeV by the factor σ
a pseudorapidity |η| > 4, are not reconstructed and, when produced in association with an isolated photon, constitute a background for the γ + E / T final state. 12 The backgrounds bg5 and bg6 are sub-leading in the region of p γ T under consideration and will not be considered in the remainder of this paper.
The number of events corresponding to the backgrounds bg1-bg4 can be written in the following form,
where r γ−j and r γ−e are the rejection factors for the misidentification of a jet and an electron with a photon, respectively. We take the former to be r γ−j = 10 3 for photons with p γ T > 25 GeV, which is conservative with a photon reconstruction efficiency γ larger than 95% (see, e.g., Ref. [44] ), and the latter to be r γ−e = 200, estimated 13 from the CMS analysis in Ref. [43] .
Kinematic cuts
In order to optimize the signal over background ratio R = N S /N B and the signal significance S = N S / √ N B we need to choose a proper window of the phase space by applying kinematic cuts. Since the p γ T distributions for the signal arising from the processes in Fig. 2 have an end-point at m h /2 and m Z /2, respectively, we choose the upper cut to be p γ T | max = m h /2. The choice of the lower cut is more delicate since backgrounds in this region are both large and difficult to estimate. In order to have an understanding of the sensitivity of the background, the signal and the signal significance to the lower cut p In Tables 2 and 3 we show the number of background and signal events, respectively, for 1 fb −1 of integrated luminosity with different lower p γ T cuts. In Table 3 we also give the corresponding expected significance for 20 fb −1 of integrated luminosity. We have assumed a photon reconstruction efficiency γ = 0.85 which is an average value for prompt isolated photons in this region of p γ T [46] . The signals have been computed using the CalcHEP matrix element generator [47] [48] [49] and the 12 This assumption has been used to compute the γ + j background in the kinematic regime considered in the analysis of Ref. [43] , giving the same result. Note that jet reconstruction in the forward region is a difficult experimental task, especially in presence of high pile-up and only jets with a p T of at least 30 ÷ 40 GeV can be safely reconstructed. For issues related to the jet reconstruction in the very forward region, we refer the reader to the ATLAS and CMS TDR's of Refs. [44] and [45] respectively. 13 Our estimate is an average in the whole range p γ T > 95 GeV, but we expect better performances for lower p γ T due to the higher efficiency of electron/photon identification. The number of background events for the backgrounds bg1-bg4 and the total number of background events (sum of bg1-bg4) for 1 fb −1 of integrated luminosity for the kinematic cuts p
j | > 4 and for γ = 0.85. All the backgrounds have been computed using MadGraph5 [40] . The background bg3, arising from on-shell W production, has been corrected using the NNLO W production k-factor obtained by the ratio of the MadGraph5 cross section and the NNLO one computed in Ref. [42] , rescaled to √ s = 8 TeV. In Table 2 we see the importance of the four leading backgrounds in the relevant region of p Table 4 : Signal acceptances to the kinematic cuts in Eq. (2.12) for the signal process
summarize our kinematic requirements as follows,
As can be seen in Table 3 , for this choice of the cuts where p γ T | min ≈ m Z /2, the contribution to the signal arising from the resonant Z process in Fig. 2 is negligible with respect to the resonant Higgs process. Therefore, in what follows, we will focus only on the Higgs process.
The only remaining ingredient that we need for studying the sensitivity of the LHC to BR(h → χ 0 1 G) as a function of the neutralino mass is the signal acceptance to the cuts of Eq. (2.12) for the different neutralino masses. These acceptances, shown in Table 4 for neutralino masses in the range 60 < m χ < 120 GeV, depend on the Lorentz structure of the relevant interactions but not on the production rate or the BR.
Discovery and exclusion limits
We are now ready to compute the minimum value of BR(h → χ 0 1 G) that can be discovered/excluded at the LHC at 8 TeV with a given integrated luminosity. In order to be as general as possible, we set a limit on BR(h → χ
since the latter BR can be smaller than one for m χ > m Z . The limit on this product with a given significance S and integrated luminosity L is given by,
(2.13)
Using this relation, the 95% CL exclusion and the 5σ discovery limits are shown in the left panel of Fig. 4 . In the right panel of the same figure we also show the sensitivity to the Higgs-neutralino-goldstino coupling in the effective Lagrangian (2.1). The limit on the coupling has been obtained by using the expression of the partial width in Eq. (2.3) as a function of the coupling. From this expression we can obtain a limit on the coupling as a function of the product of BRs appearing in the left panel of Fig. 4 ,
(2.14) In the right panel of Fig. 4 we have assumed BR(χ 0 1 → γG) = 1 but it is simple to rescale the limit for different values of BR(χ 0 1 → γG) by using Eq. (2.14). Notice from Eq. (2.13), by taking into account that the number of background events scales with the photon efficiency γ , it follows that the limit on the BRs in Eq. (2.13) scales as As a final comment we should stress the fact that our analysis has been performed at patron level and without taking into account any systematic uncertainty. The signal over background ratio R for the signal giving rise to a significance S, considering only statistical error, is given by, 15) which means N S /N B = 4.4%(11.3%) for S = 1.96(5) at the LHC at 8 TeV with 20 fb −1 . This implies that a strong knowledge of the systematic uncertainties is necessary and that dedicated experimental studies are needed in order to estimate the backgrounds at the required level of precision. From our estimate of the sensitivity of the limits to a 50% variation of the background, shown by the bands in Fig. 4 , we conclude that couplings above 10 −3 ÷ 10 −2 can lead to a discovery by the 2012 LHC run.
Effective goldstino interactions
In this section we discuss how the parameters of the simplified model in the previous section can be related to the parameters of the MSSM. Since all the four vertices in Eq. (2.2) involve linear couplings to the neutralino and the goldstino, we will be interested in the lowest order interactions between the goldstino and the MSSM fields. These interactions can be obtained by coupling the goldstino either derivatively to the supercurrent or, upon integration by parts and using the equations of motion, nonderivatively to the divergence of the supercurrent. Such a divergence is proportional to the mass splitting inside the MSSM supermultiplets, implying that the strength of the interactions are determined by ratios of the MSSM soft parameters over the SUSY breaking scale f .
In Figure 1 we have set the mass scale m 2 = m The relevant goldstino interactions can be derived from an effective Lagrangian with manifest, but spontaneously broken, SUSY in which the MSSM soft terms have been promoted to supersymmetric operators involving a goldstino superfield and the MSSM superfields. Since the prefactor of these operators will be given by ratios of soft parameters over f , in order to have a reliable effective description we require √ f to be larger than any soft parameter. On the other hand, a large contribution to the Higgs-goldstino-neutralino coupling implies a small separation between √ f and the soft parameters. As we will see below, in order for the Higgs decay channel under consideration to be relevant for the 2012 LHC run, if the soft parameters are around the TeV scale, √ f is required to be in the few TeV region. Effective Lagrangians with manifest supersymmetry with such a low √ f have been discussed, for example, in Refs. [21, 22, 31, 33] . Moreover, in Ref. [27] it was discussed how to achieve a viable superpartner spectrum in this scenario.
In this section we will not consider any specific mechanisms for SUSY breaking or mediation, but instead discuss how contributions to the vertices in Eq. (2.2) can arise from the set of SUSY operators considered in Refs. [26, 50] . In contrast to the more conventional way of parametrizing spontaneous SUSY breaking, where a background spurion field is introduced containing only a constant auxiliary component, it was prescribed in Ref. [50] to replace the spurion by a non-linear superfield,
where ψ X becomes the goldstino at low energies and F X is the dynamical auxiliary field that acquires a non-vanishing VEV and breaks SUSY. This prescription was applied in Ref. [26] to the MSSM, where each of the MSSM soft terms was promoted to a supersymmetric operator. These operators can be obtained by simply multiplying each term in the supersymmetric part of the MSSM by X if the term is holomorphic and X † X if the term is nonholomorphic. Any operator containing additional powers of the goldstino superfield would automatically vanish since the non-linear goldstino superfield satisfies X 2 nl = 0 [50] .
Couplings relevant for the Higgs decay
In order to relate the prefactor of the first term in Eq. (2.2) to MSSM parameters we start by considering supersymmetric operators which give rise to Higgs-goldstinoneutralino couplings. One example of such an operator is obtained by promoting the down and up-type Higgs scalar soft terms to the following SUSY operators,
where we have used that the auxiliary field of the goldstino supermultiplet acquires a non-vanishing VEV, F † X = −f +. . .. In Eq. (3.1) the interactions of the MSSM vector supermultiplets with the Higgs doublets are represented by the factor e gV , with V in the appropriate representation of the SM gauge group and with the corresponding gauge coupling constants. The MSSM down and up-type Higgs scalar soft terms arise from the operators in Eq. (3.1), upon extracting the terms bilinear in the goldstino supermultiplet auxiliary fields and inserting their VEVs. Another contribution to the Higgs-goldstino-neutralino coupling is obtained by promoting the B µ soft term to the following supersymmetric operator,
where
After EW symmetry breaking (EWSB), there will also be contributions to the Higgs-goldstino-neutralino coupling, for example, arising from the following supersymmetric version of the gaugino soft mass terms,
2 + h.c. , 
Moreover, after EWSB, the true goldstino does not in general only have a ψ X component, but also components from the neutral higgsinos, ψ 
2 due to non-vanishing F and D-components of the corresponding superfields. Therefore, contributions to the relevant coupling can arise from the ordinary kinetic terms for the Higgs superfields,
Let us collect the contributions to the Higgs-neutralino-goldstino coupling we obtained from the supersymmetric operators considered in Eqs. (3.1), (3.2), (3.3) and (3.5),
As will be evident from the discussion below, the terms appearing in the second and third line of Eq. (3.6) will in general be small compared to the terms appearing in the first line. The reason is that these contributions are always suppressed by ratios of v 2 or vµ over f 16 . Note that there are other non-renormalizable supersymmetric operators which have the same, or even lower, dimension as the ones that we consider, e.g. (H d H u ) 2 in the superpotential or quartic Higgs superfield couplings in the Kahler potential. However, these operators will not give a significant contribution to the Higgs-goldstino-neutralino coupling due to the suppression of v 2 or vµ over f ratios.
Couplings relevant for the neutralino decay
The second term in Eq. (2.2), relevant for the neutralino decay into a photon and a goldstino, can arise from the supersymmetric version of the gaugino soft mass term, 16 We are taking the µ-parameter to be small, around 100 GeV.
given in Eq. (3.3), but where the following component interactions are extracted,
2 sin θ w + h.c. ,
where the U (1) Y and the SU (2) L gauge field strengths B µν and W
µν have been rewritten in terms of the photon and Z boson fields,
The third term in Eq. (2.2) is given by the coupling analogous to Eq. (3.7) of the transverse Z boson components to the goldstino. In addition, the last term in Eq. (2.2), is given by the coupling of the longitudinal Z boson component arising from the kinetic terms for the Higgs superfields in Eq. (3.5). By collecting both kinds of terms, we get the following contribution to the neutralino-Z-goldstino coupling,
2 cos θ w
The mass basis of the Higgs and the neutralinos
As it was mentioned above, there are other operators, beyond those in Eqs. (3.1) and (3.2), which, from a strict effective field theory point of view, one should consider, e.g.
in the superpotential or quartic Higgs superfield couplings in the Kahler potential. Since we do not specify the underlying dynamics or symmetries of the SUSY breaking sector, such operators, none of which have dimension higher than 6, can give significant contributions, for instance, to the tree level masses of the Higgs bosons and the neutralinos (see Refs. [31] [32] [33] [34] [35] [36] [37] [38] for discussions concerning a more general set of effective operators and how they can affect the MSSM Higgs sector). In this section we do not attempt to make a complete analysis of the most general effective model of low scale SUSY breaking but instead we provide a discussion concerning how the particular operators in Eqs. (3.1) and (3.2) affect the tree level mass of the lightest neutral CP-even Higgs particle and moreover, how the soft parameters appearing in the prefactors of these operators can be related to the couplings of the simplified model in Eq. (2.2).
Integrating out the F X -component of the goldstino superfield in Eqs. (3.1), (3.2) and (3.3) gives rise to quartic Higgs couplings in the tree level F-term scalar potential. These contributions adds to the usual MSSM contribution, originating from the quartic D-term potential, and their combined contribution gives rise to the following tree level mass for the lightest neutral CP-even Higgs particle [51] , 10) where the first term is the standard MSSM D-term contribution and the second term is the additional F-term contribution. In order to obtain a viable mass spectrum for all the Higgs particles it is necessary to set B µ > 0, implying a destructive interference between the two terms in the parenthesis in Eq. (3.10). For us, since we are interested in having an NLSP neutralino with a significant higgsino-fraction, it is natural to take B µ sin 2β significantly larger than 2µ 2 in order to raise the tree level Higgs mass. This implies that, in order for the tree level Higgs mass to receive as large contribution as possible from this term it is favorable to have tan β small, in contrast to the MSSM D-term contribution which is maximized at large tan β. This contribution is analogous to the one obtained in the context of the NMSSM (see Ref. [52] for a review), arising from an operator analogous to the marginal one in Eq. (3.2), with (B µ /f ) replaced by a free dimensionless parameter λ, unrelated to any soft parameter 17 . We can rewrite all the relevant gauge basis vertices, Eqs. (3.6), (3.7) and (3.9), in terms of the mass basis ones by using the EWSB vacuum of Ref. [51] , in which the supersymmetric operators in Eqs. (3.1), (3.2), (3.3) and (3.5) were taken into account. Since we are only interested in the lightest SM-like mass eigenstate h we only need the following two entries in the rotation matrix R which diagonalizes the 3 × 3 mass matrix for the neutral real scalars,
In the aforementioned EWSB vacuum, in the canonically normalized gauge eigenbasis (λ 1 , λ
, ψ X ), the neutralino mass matrix is given by, 12) Note that, throughout the paper, we do not consider terms suppressed by 1/f 2 unless they are proportional to the ratio B µ /f . In order to disentangle the goldstino and to 17 For the case of large λ ∼ 1 ÷ 2 see Refs. [53, 54] .
have canonically normalized kinetic terms we perform the following transformations,
2 , (3.13) which make all the entries in the fifth row and the fifth column of the mass matrix in Eq. (3.12) vanish. We are therefore left with a neutralino mass matrix which, in the gauge eigenbasis (λ 1 , λ
, is given by the upper left 4 × 4 block of Eq. (3.12) , that can be diagonalized by a unitary matrix N . Since we will here only be interested in the lightest neutralino χ 0 1 , we only need the following four entries in the N matrix in order to rewrite the gauge basis fermions,
(3.14)
The hχ 0 1 G-vertex in Eq. (2.2) can now be obtained from Eq. (3.6) by using Eqs. (3.11), (3.13) and (3.14) . In an analogous way, the χ 
Relation to the discovery and exclusion limits
By using the couplings for the hχ G-coupling it is necessary for the NLSP neutralino to have a significant higgsino component, implying that µ should be rather small, of the order of 100 GeV. For smaller values of µ, there is a tension due to the fact that µ also appears in the formula for the chargino masses,
(3.15) Since also the wino mass m 2 appears in Eq. (3.15) , it is bounded from below in a similar way as µ. In contrast, the bino mass m 1 only appears in the neutralino mass matrix, implying that the lower region of the neutralino mass range can be reached by taking m 1 to be lower than or of the same order as µ, even though this implies that the NLSP neutralino will have a significant bino-component. Note that a non-vanishing bino-component is needed in order for the neutralino to decay into a photon and a goldstino. However, as can be seen from Eq. (2.8), for low √ f this decay is always prompt, almost independently of this coupling.
As was discussed below Eq. (3.10), in the small µ region, it is possible to raise the tree level mass of the lightest Higgs particle beyond the MSSM value by taking into account the additional contribution (B µ v/f ) 2 sin 2 2β in Eq. (3.10). While the MSSM tree level contribution, given by the first term in Eq. (3.10), is bounded from above by m 2 Z , this additional contribution is bounded by the ratio (B µ v/f ) 2 . This implies that it is possible to obtain a Higgs mass of m h = 125 GeV already at tree level by taking B µ /f , as well as tan β, sufficiently close to one. However, even if the value of B µ /f is such that it gives rise to a tree level Higgs mass which is below 125 GeV, the physical Higgs mass can still be compatible with such a value once moderate quantum corrections are taken into account.
In order to analyze whether there exist regions of the parameter space where the limits in Fig. 4 can be reached, we search for maxima of the quantities BR(h → χ 3) can be shown to increase for increasing values of B µ /f and therefore, the photon + E / T signal rate is favored by large values of B µ /f . However it can be seen from Fig. 5 that already a value of B µ /f = 0.5 is enough for discovery in a region of the parameter space. In this figure we have imposed the chargino masses of Eq. (3.15) to be heavier than 94 GeV and 103 GeV [39] , corresponding to the solid and dashed curves, respectively. In the lower half of the neutralino mass range we see that the maximum BR and coupling are reduced for the m χ For both values of B µ /f that we consider, the tree level Higgs mass is generically below 125 GeV. By taking into account the standard MSSM 1-loop correction with the stop mass in the range mt ∈ [200, 500] GeV, with vanishing or moderate mixing, it is possible to obtain m h = 125 GeV (see Appendix A for the relevant formulae).
In the lower part of the NLSP neutralino mass range, the mass of the second lightest neutralino χ 0 2 can be below m h , allowing for the decay h → χ 0 2 G. Since the dominant decay of χ 0 2 is also into a photon and a goldstino, this scenario will actually increase the number of signal events. Let us also mention that the invisible Higgs decay h → GG is possible, but from Eqs. (3.6) and (3.13) we see that the hGG-coupling will be suppressed by at least a factor of vµ/f or v 2 /f with respect to the hχ 
Conclusions
In this paper we studied the possibility of discovering an excess in the monophoton + E / T channel at the LHC and interpreting it as a signature for low scale SUSY breaking. In particular, in the region where the transverse momenta of the photon is p γ T < m h /2, the dominant contribution to this channel can arise from a SM-like Higgs boson decay into an LSP goldstino and an NLSP neutralino, which promptly decays into another goldstino and a photon. In order for this decay to be kinematically allowed (but avoiding overlaps with the study of Higgs decays into two neutralinos in Refs. [11, 12] ) we consider neutralino masses in the region m h /2 < m χ < m h , where m h = 125 GeV. In order for the BR(h → χ 0 1 G) to be relevant, the neutralino must have a significant higgsino-component and the SUSY breaking scale √ f should be of the order of a few TeV. From our SM background analysis we concluded that the significance of the signal is optimized if the transverse momentum of the photon is in the region m Z /2 < p γ T < m h /2. Using suitable kinematic cuts, we estimated the prospects for a discovery or exclusion at the LHC with 8 TeV center of mass energy and 20 fb −1 of integrated luminosity, as a function of BR(h → χ 0 1 G). We also discussed an effective model with manifest, but spontaneously broken, supersymmetry in which it is possible to obtain a SM-like Higgs boson of mass m h = 125 GeV and a value of BR(h → χ 0 1 G) sufficient for a discovery by the 2012 LHC run. In the effective model we considered, the usual MSSM soft terms are promoted to supersymmetric operators involving a dynamical goldstino supermultiplet. Since most of these operators are non-renormalizable, two natural questions arise. The first concerns the effect of higher dimensional operators not related to the MSSM soft parameters. As discussed in Section 3 these operators are not expected to significantly affect the relevant couplings while they can affect the Higgs and neutralino mass spectrum. However, we expect that the introduction of additional higher dimensional operators (and the corresponding new parameters) could even improve our results. The second question concerns the possibility of embedding this effective model into an ultraviolet complete framework. Naively, one might attempt to embed it into the framework of gauge mediation, see Ref. [55] for a review. The problem is that the absence of tachyonic states in the messenger sector implies that √ f is in general at least one inverse loop factor above the soft mass parameters and therefore it seems difficult to obtain a viable standard gauge mediation scenario with √ f 50 TeV. However, it might be possible to construct a viable microscopic model with a lower √ f by using elements of, for example, tree level gauge mediation [56] or general gauge mediation [57] . Another framework 18 which involves models with √ f of the order of 1 TeV concerns five-dimensional warped spaces dual, via the AdS/CFT correspondence, to four dimensional models in which SUSY is broken by strong dynamics [27, 59, 60] . It would be interesting to explore the possibility of embedding the effective model considered in this paper, or a variation of it, into one of these frameworks and to study the phenomenological consequences of such a microscopic model. and the analytic formulae for the matrix elements of the rotation matrix N for the neutralinos are given in Ref. [61] .
